Abnormalities in peripheral blood natural killer (NK) cells have been reported in women with primary infertility and recurrent spontaneous abortion (RSA) and several studies have been presented to define cutoff values for abnormal peripheral blood NK cell levels in this context. Elevated levels of NK cells were observed in infertile/RSA women in the presence of thyroid autoimmunity (TAI), while no studies have been carried out, to date, on NK cells in infertile/ RSA women with non-autoimmune thyroid diseases. The contribution of this study is two-fold: (1) the evaluation of peripheral blood NK cell levels in a cohort of infertile/RSA women, in order to confirm related data from the literature; and (2) the assessment of NK cell levels in the presence of both TAI and subclinical hypothyroidism (SCH) in order to explore the possibility that the association between NK cells and thyroid function is not only restricted to TAI but also to SCH. In a retrospective study, 259 age-matched women (primary infertility [n = 49], primary RSA [n = 145], and secondary RSA [n = 65]) were evaluated for CD56+CD16+NK cells by flow cytometry. Women were stratified according to thyroid status: TAI, SCH, and without thyroid diseases (ET). Fertile women (n = 45) were used as controls. Infertile/RSA women showed higher mean NK cell levels than controls. The cutoff value determining the abnormal NK cell levels resulted ⩾15% in all the groups of women. Among the infertile/RSA women, SCH resulted the most frequently associated thyroid disorder while no difference resulted in the prevalence of TAI and ET women between patients and controls. A higher prevalence of women with NK cell levels ⩾15% was observed in infertile/RSA women with SCH when compared to TAI/ET women. According to our data, NK cell assessment could be used as a diagnostic tool in women with reproductive failure and we suggest that the possible association between NK cell levels and thyroid function can be described not only in the presence of TAI but also in the presence of non-autoimmune thyroid disorders.
Introduction
Infertility concerns the inability to achieve pregnancy after 1 year of unprotected intercourse, while recurrent spontaneous abortion (RSA) is defined by the occurrence of two or more consecutive failed pregnancies. 1 Spontaneous abortions are mostly caused by chromosomal abnormalities in embryos 2 and anatomic uterine defects appear to predispose women to reproductive difficulties. 3 Mechanisms of unexplained reproductive failure (infertility and RSA) involve immune-mediated pathways including the presence of a predominant T helper (Th)1-type immunity during pregnancy, a decrease in T regulatory cells and an increase in natural killer (NK) cells. 4, 5 These phenomena can occur locally, at the site of implant, and can be observed also in the peripheral blood. 4, 5 It has been shown that the interaction between human leucocyte antigen (HLA) molecules and NK cells is the checkpoint of the regulation of the NK cell activity at the maternalfetal interface. 6 NK cells are innate immune effectors that are able to exert a cytolitic activity against infected and tumor cells and to produce immunomodulatory cytokines without HLA restriction or prior sensitization. [7] [8] [9] [10] Peripheral blood NK cells comprise about 10-12% of blood lymphocytes and are strikingly suppressed in normal early pregnancy. On the other hand, NK cells constitute the predominant leukocyte population present in the endometrium at the time of implantation and in early pregnancy. Decidual NK cells (dNK) are a specific CD16-cell subset that includes selective expression of CD9, galectin-1, and glycodelin, with regulatory effects on T cells. Since peripheral NK cells downregulate dNK under the influence of estrogen and progesteron levels, both the hormonal status and the NK cytokines contribute to the shift towards a Th2 response that characterizes normal pregnancy. 11, 12 Interactions between immune cells and thyroid function are well-established. [13] [14] [15] [16] [17] [18] Thyroid stimulating hormone (TSH) receptors can be found on several cells of the immune system and bone marrow hematopoietic cells, splenic dendritic cells, T cells, and B cells can produce TSH. Studies suggest that thyroid hormones (thyroxine -T4, and triiodothyronine -T3) act on dendritic cells, NK cells, and T cells. [13] [14] [15] [16] [17] [18] These interactions are assumed to play a critical role in the pathogenesis of certain thyroid diseases, including non-toxic goiter and Hashimoto's thyroiditis. Thyroid disorders can be associated with infertility/RSA and the morbidity of pregnancies. [19] [20] [21] It is reported that mild thyroid abnormalities are associated with an increased rate of miscarriage and this poor obstetrical prognosis seems to be related to an impaired thyroid adaptation to pregnancy. 22 Subclinical hypothyroidism (SCH) of the mother may impair the course of pregnancy and may disturb the normal development of the fetus. [19] [20] [21] Moreover, it has been reported that the presence of thyroid autoimmunity (TAI) leads to an increased risk of infertility and RSA even in the absence of clinically overt hypothyroidism. [23] [24] [25] [26] Abnormalities in number and activation of NK cells have been related to RSA and several studies aimed at addressing the cutoff values for peripheral blood NK cell levels in this context. [27] [28] [29] [30] [31] [32] Elevated levels of peripheral blood NK cells were reported in the presence of TAI in women with RSA suggesting an interplay between NK cells and autoimmune thyroid disorders. 26, 33 No studies have been carried out, to date, on the relationship between non-autoimmune thyroid diseases, such as SCH, and NK cells in women with reproductive failure.
The contribution of this study is two-fold: (1) the evaluation of peripheral blood NK cell levels in a cohort of infertile/RSA women; and (2) the assessment of NK cell levels in the presence of both TAI and SCH, in order to explore the possibility that the association between NK cells and thyroid function is not only restricted to TAI but also to SCH.
Materials and methods
The present study was designed as a retrospective study conducted in a single center: medical records of women who were registered at the Department of Gynecology and Obstetrics II, San Giovanni-Addolorata Hospital, Rome, Italy, were reviewed consecutively. Among 1500 consecutive outpatients of the Department, during the period 2008-2011, who were affected by reproductive failure, we excluded from the study all the women that met the following exclusion criteria (82.7%, 1241/1500): anatomical defects (15%), infectious causes (5%), chromosomal abnormalities (3%), male factor of the women's partners (5%), primary and acquired thrombophilia (22%, including antiphospholipid syndrome), poor ovarian reserve (8%), or autoimmune/endocrine disorders other than thyroid diseases (24%). Women with a diagnosis of overt hypothyroidism or Graves' disease as well as women who underwent either voluntary termination of pregnancy or assisted reproductive techniques were also excluded (18%). Laboratory assays included karyotyping of the couple, semen analyses of women's partners, serum levels of prolactin, estradiol, luteinizing-hormone, folliclestimulating hormone, androgens, thyroid function and autoantibodies, coagulation factors, antiphospholipid antibodies (lupus anticoagulant, IgG and IgM anti-cardiolipin, anti-β2glicoprotein I antibodies, anti-annexin V, and anti-prothrombin antibodies), culture studies for Ureaplasma and Mycoplasma, PCR for Chlamydia, and imaging (pelvic ultrasonography, hysterosalpingography and hysteroscopy, performed as needed). 34 Two hundred and fifty-nine age-matched Caucasian women composed the study population and were divided in three groups: primary infertility (n = 49); primary RSA (n = 145); and secondary RSA (n = 65). Primary infertility was defined, according to the Practice Committee of the American Society for Reproductive Medicine, 1 as the inability to conceive a child after 12 months of regular sexual intercourse, without contraception, in couples who have never had a child. Women with RSA had a history of two or more consecutive spontaneous abortions prior to the 20° gestational week (GW) and were divided in two groups depending on their parity: primary RSA included women who never had a successful previous pregnancy while secondary RSA included women who achieved at least one previous successful pregnancy. Medical records of 45 women in the age of fertility who were registered at the same hospital were serially reviewed as a comparison group. These fertile controls met the following selection criteria: they experienced successful pregnancies (women with ⩽1 previous spontaneous abortion were also included); they had not a previous history of infertility/RSA and voluntary termination of pregnancy or assisted reproductive techniques; they showed regular ovulatory cycles and normal basic hormone profile; and they did not suffer from acute inflammatory / autoimmune / endocrine disorders other than thyroid diseases (women with a diagnosis of Graves' disease were excluded) at the time of the medical evaluation. Data of fertile controls were confirmed by medical history, and clinical and laboratory examination. None of the women in the study was pregnant or was on immune-suppressive/modulatory treatment, hormonal therapy (including thyroxine replacement and/or contraceptive pills), or antibiotics at the time of laboratory assays.
Laboratory assays
Women in the study underwent laboratory assays as part of their medical care before conception. Laboratory assays were performed on the early follicular phase of the menstrual cycle (days 3-5). 34 All the women were screened for the presence of anti-thyroglobulin antibody (ATG) and anti-thyroid peroxidase antibody (TPO), by using a highly sensitive electrochemiluminescent immunoassay. Thyroid hormones (free thyroxine -FT4, and free triiodothyronine -FT3) and TSH were assessed using the immunoassay system. Normal values were: 2-5 pg/mL for FT3; 8.5-20 pg/mL for FT4. ATG >65 IU/mL and TPO >115 IU/mL were considered positive. SCH was defined as the basal TSH higher than 2.5 mIU/L with normal FT4 and/or impaired TSH response to the short-thyrotrophicreleasing hormone (TRH) test. 21, 22, 34, 35 Anti-nuclear antibodies (ANA) were evaluated by indirect immunofluorescence using Hep2 cells as substrate. ANA titer ⩾ 1:160 was considered positive. Serum insulin and glucose were measured to assess the HOMA (Homeostasis Model Assessment) index (Insulin [mU/mL] × Glucose [mmol/L]/22.5: values <2.7 were considered negative). 21, 34 Immunophenotypic analysis of peripheral blood NK cells were performed using fresh EDTA-K3 anticoagulated blood samples from all the women. Immunophenotypic analysis of peripheral blood immune cells were performed with regard to CD45 for the total lymphocyte count, CD16 and CD56 for the NK cells, by fluorochrome-conjugated monoclonal antibody staining and flow cytometry analysis. NK cells were identified by positivity of both CD16 and CD56. 34 The NK cell count was expressed as a percentage of the total lymphocyte count (NK cell/lymphocyte). All the women included in the study underwent during their medical care physical and ultrasonographic examination of thyroid gland in order to detect undiagnosed non-toxic goiter as focal nodules and/or diffuse or heterogeneous echogenic abnormalities throughout the gland. 24, 35 This study was approved by the local ethics committee. It was conducted in accordance with the ethical principles of the Declaration of Helsinki and was consistent with the guidelines for good clinical practice.
Statistical analyses
All data were stored on a server and statistical analyses were performed using GraphPad Prism Software Version 6. To test the normality of datasets the D'Agostino and Pearson omnibus test was used. Normal variables were expressed as mean ± standard deviation (SD). Differences between mean values were determined by Student's t-test while the contingency analyses were performed by Chi-square test or Fisher's exact test where appropriate. The measure of association was obtained using odds ratio (OR) and confidence interval (CI) was reported. The significance of any correlation was determined by Pearson's correlation coefficient. For the evaluation of the NK cell assessment as a diagnostic test receiver operating characteristic (ROC) curve analysis was performed; accuracy was measured by the area under the ROC curve (AUC). If the AUC value was greater than 0.5, the test was considered as a significant method to detect cellular immune abnormality in the patients. 34 We considered the Youden's index with likelihood ratio (LR) >2 as a criterion for choosing the "optimal" threshold value, the threshold value for which Sensitivity(c) + Specificity(c) -1 is maximized. LR summarizes information regarding sensitivity and specificity; positive LR was calculated as follows: sensitivity divided by (1-specificity). Statistical analysis was considered significant when P values were less than 0.05.
Results
Demografic and infertility data of women in the study population were reported in Table 1 . No difference resulted in the age comparing the groups of women and no difference in the number and GW of spontaneous abortions resulted between the primary and secondary RSA women (Table 1) .
Mean values of TSH, FT3, FT4, HOMA index, and the prevalence of ATG/TPO/ANA positive women resulted similar comparing the groups of women enrolled ( Table 2) .
NK cells assessment and definition of abnormal NK cell levels in the study population
The mean percentage of NK cell levels resulted higher in the infertile (14.5 ± 6.8), primary RSA (15.8 ± 6.4), and secondary RSA (15 ± 5) when compared with the levels in the comparison group (11.2 ± 4.7, P <0.01 for the comparison with the infertile group, P <0.001 for the comparisons with both the RSA groups, Figure 1 ). No significant differences occurred in NK cell levels between the infertile and the primary/secondary RSA women. No correlations resulted between the mean NK cell levels and the age of the women or the number/GW of spontaneous abortions in the RSA groups.
The ROC analysis and the AUC obtained using the NK cell levels observed in patients and controls showed that the assessment of NK cell levels as a diagnostic test displayed a moderate accuracy in the infertile group (AUC 0.65, 95% CI 0.5-0.8, P = 0.02, Figure 2a ), the primary RSA (AUC 0.7, 95% CI 0.6-0.7, P <0.001, Figure 2b ), and the secondary RSA (AUC 0.7, 95% CI 0.6-0.7, P <0.01, Figure 2c ). Threshold levels for NK cell percentage were determined for all the groups of the women in the study population. The cutoff value determining the "abnormal values" resulted ⩾15% in all the groups of infertile/RSA women. The prevalence of women with NK cells levels ⩾15% was significantly higher in the infertile group ( 
Analysis of women with abnormal NK cell levels according to thyroid status
According to thyroid status, women were divided in SCH (both in the presence and in the absence of non-toxic goiter), TAI (ATG and/or TPO positive), and ET.
The prevalence of SCH was significantly higher in the infertile (29/49, 59 .2%, P <0.001, OR 3.7, 95% CI 1.6-8.6), primary RSA (91/145, 62.7%, P <0.0001, OR 4.3, 95% CI 2-8.7), and secondary RSA (39/65, 60%, P <0.0001, OR 3.8, 95% CI 1.7-8.5) when compared with the comparison group (12/45, 27%, Figure 3 ). On the other side, the prevalence of ET women was higher in the comparison group (24/45, 53 .4%) with the respect to the other groups (infertile: 5/49, 10.2%, P <0.0001, OR 0.1, 95% CI 0.04-0.3; primary RSA: 25/145, 17.2%, P <0.0001, OR 0.2, 95% CI 0.08-0.3; secondary RSA: 9/65, 13.8%, P <0.0001, OR 0.1, 95% CI 0.05-0.3) ( Figure 3) . No differences in the prevalence of TAI were shown between patients (infertile: 15/49, 30.6%; primary RSA: 29/145, 20%; secondary RSA: 17/65, 26.2%) and controls (9/45, 20%, Figure 3) . No difference in the prevalence of thyroid diseases were found between infertile and RSA women.
In a single-group analysis, women with NK cell levels ⩾15% were more prevalent in SCH group when compared to TAI (P = 0.002, OR 7, 95% CI 2-23) and ET (P <0.001) among the infertile women ( Table 3 ). The same occurred when considering both the RSA groups, where the prevalence of women with abnormal NK cells was higher in the SCH women when compared with both the TAI and the ET women (primary RSA: P <0.0001, OR 7.3, 95% CI 3.6-15; secondary RSA: P = 0.0008, OR 7.2, 95% CI 2-22) ( Table 3 ). Among RSA women with abnormal NK cell levels, there were no correlations between the mean NK cell levels and the GW of abortion (data not shown).
As a remark, in the comparison group the prevalence of women with abnormal NK cells was similar in the SCH women (4/12, 33%) when compared with both the TAI (3/12, 25%) and the ET (5/12, 42%). No significant correlations were observed between NK cells and both ATG/TPO and TSH levels in the study groups (data not shown).
Other results
Seventeen women of the overall cohort had ANA titer ⩾ 1:160. All of them were RSA women (12/17 primary RSA; 5/17 secondary RSA, Table 2 ): 11 (64.7%) had SCH; four (23.5%) had TAI; and two (11.8%) were ET. No co-morbidity or other relevant condition has been observed in that group of ANA positive patients. The prevalence of positive ANA titer in the TAI women (4/67, 5.97%) was not statistically different with respect to that observed in the SCH women (11/173, 6.35%). None of the women in the infertile group and in the comparison group were ANA positive.
Discussion
To explore possible relationships between NK cell levels and mild thyroid diseases in women with reproductive failure, we first analyzed NK cell levels in all the women enrolled. We found that both the infertile and the RSA women had significantly higher NK cell levels than controls even when the primary and secondary RSA women were considered distinctly. These results are in accordance with other studies comparing the percentage of peripheral blood NK cells in infertile/RSA women versus fertile controls. 32, 34 However, interestingly we demonstrated for the first time that there is no difference in NK cell levels between women with primary RSA and women with secondary RSA. Since it is well known that the natural history of most RSA women usually turns into (secondary) infertility, we decided to consider as "infertile women" only the women with primary infertility Figure 3 . Prevalence of women with thyroid disorders in the study population. The prevalence of subclinical hypothyroidism (SCH) was significantly higher in the infertile (29/49, 59 (without spontaneous abortions and/or living children). However, the common link between infertility and RSA is, likely, the autoimmunity that is usually characterized by a rather widely activated immune system. In this context, it is possible that elevated NK cell levels represent an evidence of such broadly based immune system activation and they may characterize women with both primary infertility and RSA according to alloimmune mechanisms of the pregnancy failure. 29, 30, 32, 34 The ROC analyses suggested that the assessment of the peripheral blood NK cell exhibits a moderate accuracy as diagnostic tool in women with reproductive failure, confirming previous data. 30, 34 We described by using AUC of ROC curve analysis that NK cell percentage may be a useful test to differentiate women with primary infertility or primary/secondary RSA and fertile controls. In this study, for the first time, we reported that the accuracy of the peripheral blood NK cell assessment is good even when primary and secondary RSA were considered distinctly. 30, 34 The cutoff value of NK cell percentage obtained in our study population resulted in accordance with data in the literature. 30, 31 According to the threshold value for abnormal NK cell levels, we observed that the prevalence of women with abnormal NK levels was, as expected, higher among the infertile and RSA women with the respect to the comparison group. We did not investigate subsequent pregnancy outcomes of miscarriage or failure to conceive after assisted reproductive technology and thus the possibility of a time-point dependent progressive increase of NK levels. In this context, the prognostic value of measuring peripheral blood NK or uterine NK cell parameters remains uncertain in the literature. 32, 36, 37 More studies are needed to confirm the role of NK cell assessments as a prognostic test for women with reproductive failure. 38, 39 Because of such evidence, NK cell analysis and immune therapy is currently offered mainly in the context of clinical research. 32 Since we aimed at assessing the possible relationship between NK cells and mild thyroid abnormalities (TAI and SCH) we evaluated the prevalence of thyroid disorders in our study cohort. SCH represented the most frequently associated condition: the OR analyses described that SCH seems to be associated with a higher risk of reproductive failure and that the absence of thyroid disorders appear to be related with a good pregnancy outcome. As a remark, the prevalence of SCH in the comparison group resulted higher than the value usually registered in the general population. This may be related to the use of both the cutoff of 2.5 mIU/L for normal basal TSH and the TRH stimulation test to define SCH in our study groups. 21, 22 Differently from other authors, we reported a similar frequency of TAI between the infertile and the RSA women as well as between the women with primary and secondary RSA. 33 Moreover, we found the same prevalence of TAI in infertile/RSA women and in controls suggesting that this autoimmune condition is not strictly associated with a poor pregnancy outcome in our study population. It has been reported that the prevalence of thyroid autoantibodies in women of reproductive age is in the range of 6-20%, being even higher in women with a history of RSA. 26 In our study, almost 20% of both patients and controls resulted positive for at least one type of anti-thyroid antibody. This finding could be related to the clinical heterogeneity and to assays and thresholds used that likely contribute to the statistical heterogeneity observed in our study population with the respect to other studies. 26 Moreover, since female sex as well as Caucasic ethnicity represent risk factors for TAI, 40 the relatively high prevalence of TAI in our controls is conceivable. We included in the TAI group women with both normal and impaired thyroid function in accordance with the idea that the presence of anti-thyroid autoantibodies could represent the main factor leading to an increased risk of reproductive failure even in the absence of clinically overt hypothyroidism. [22] [23] [24] [25] [26] 35, 41, 42 In this view, the presence of thyroid autoantibodies can reflect a generalized activation of the immune system with a possible disregulation of local inflammatory process at placental-decidual environment being relevant to the clinical outcome. 26 As increasing maternal age has been reported as an "independent" risk factor for infertility/RSA, we examined the difference in the mean age of women with TAI, SCH, or ET and no significant difference was found between the groups. 26 Although some of the patients' groups were relatively small, the prevalence of women with abnormal NK cell levels was higher in women with SCH compared to TAI and ET women, in both the infertile and the RSA groups. The meaning of these interesting findings was in accordance with the evidence supporting the role of thyroid function in the pathogenesis of many autoimmune disorders even in the absence of defined thyroid autoimmunity. 23, 42, 43 Assuming that infertile/RSA women have an overactive immune system, an increased prevalence of thyroid abnormalities could be expected mainly in terms of autoimmunity (TPO and ATG antibodies). 43 However, we observed that non-autoimmune thyroid dysfunction (such as SCH) is the more frequent condition among the infertile/RSA women and that SCH infertile/RSA women more frequently showed abnormal NK cells than TAI or ET women. Taken together, these data may suggest that SCH may represent not only an element potentially responsible for the poor pregnancy outcome, but also a marker of preexisting immune abnormalities which can participate to the pathologic condition in a manner that they can be the cause or the consequence of a thyroid impairment. 21, 23, 29, 30, 34, 44 In this context, the TRH stimulation test, by highlighting the latent capacity of the pituitary gland to respond to exogenous TRH, can improve both the assessment of the thyroid function and the management of the pregnancy impairment in women with unexplained reproductive failure. 21, 34 As a remark, we reported very few patients with positive ANA titer in our study population. All of them were RSA women and they showed a similar prevalence of positive ANA titer in both the groups with and without TAI, confirming the poor association reported in the literature between TAI and ANA in women with unexplained reproductive failure. [45] [46] [47] [48] [49] Concerning the relationship between autoimmunity and NK cells in human reproduction, the uterine blood flow is an innovative method recently suggested in the evaluation of the role of NK cells, that would be of interest in order to predict the risk of recurrent miscarriage and to measure the effects of treatment in women with infertility/RSA. 50, 51 We should consider that the present study suffers from several limitations:
1. The heterogeneity of the subjects being studied that represents a common problem with most studies in the area. 34 2. The small number of women in the comparison group. 3. The lack of in vitro functional studies supporting the possible link between the NK cell abnormalities and the thyroid impairment in women with reproductive failure. Indeed, it would be interesting to analyze the expression of the activating and inhibitory receptors on NK cells in women with infertility/RSA. Evidence suggests that inhibitory and activating receptors such as killer-cells immunoglobulin-like (KIR), C-type lectin, and natural cytotoxicity receptors could play a role in the course of the systemic inflammatory response observed in several obstetrical syndromes. 52, 53 Women with adverse pregnancy outcome show an increased NK cell function related to the expression of lectin-like receptors such as NKG2. 54 Additional research is thus eagerly awaited. 4. The lack of the assessment of nutritional status of women in the study including clinical / anthropometric parameters (such as body weight, waist circumference, body mass index) and other metabolic syndrome indicators (such as serum concentrations of lipids). In our study cohort, the metabolic assessment of the women was performed exclusively on the basis of the HOMA index as a measure of the insulin resistance and the metabolic syndrome risk. As reported in the literature, nutritional status is able to induce metabolic and molecular adaptations with a pathological modification of the weight and an alteration of the immune regulation. 55 Moreover, the nutritional status and the physical activity appear to be associated with a moderate to severe vitamin D deficit. Evidence suggests that an adequate vitamin D status may be protective against a spectrum of chronic disorders (such as autoimmune diseases) as well as infertility and adverse pregnancy outcome. 56 In addition, recent evidence has demonstrated that low levels of vitamin D are associated with thyroid diseases. 57 In summary, according to our data, we support the role of NK cell assessment as a diagnostic tool in women with reproductive failure and we suggest that the possible association between NK cell levels and thyroid function can be described not only in the presence of thyroid autoimmunity, but also in the presence of non-autoimmune thyroid disorders. Larger scale studies with a bio-molecular approach are needed to further substantiate our results.
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